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roll-out on an active runway and taxi operations to and from an airport terminal. The turn anticipation cue alerts the pilot that a turn from 
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combiner. The direction of the turn is indicated by the direction of motion of the turn anticipation cue and by an arrow (144) pointing in 
the direction of the turn. 



FOR THE PURPOSES OF INFORMATION ONLY 
Codes used to identify States party to the PCT on the front pages of pamphlets publishing international applications under the PCT. 



AL 


Albania 


ES 


Spain 


LS 


Lesotho 


SI 


Slovenia 


AM 




FI 


Finland 


LT 


Lithuania 


SK 


Slovakia 


AT 


Austria 


FR 




LU 


Luxembourg 


SN 




AU 


Australia 


GA 


Gabon 


LV 


Latvia 


sz 


Swaziland 


AZ 


Azerbaijan 


GB 


United Kingdom 


MC 




TD 


Chad 


BA 


Bosnia and Herzegovina 
Barbados 


GE 
GH 


Georgia 


MD 
MG 


Republic of Moldova 
Madagascar 


TG 
TJ 


Togo 
Tajikistan 


BE 


Belgium 


GN 




MK 


The former Yugoslav 


TM 


Turkmenistan 


BF 


Burkina Faso 


GR 






Republic of Macedonia 


TR 


Turkey 


BG 


Bulgaria 


HU 


Hungary 


ML 


Mali 


TT 


Trinidad and Tobago 


BJ 


Benin 


IE 


Ireland 


MN 


Mongolia 


UA 


Ukraine 


BR 




IL 




MR 


Mauritania 


UG 


Uganda 


BY 


Belarus 


IS 




MW 


Malawi 


US 


United States of Ame 




Canada 


IT 


Italy 


MX 


Mexico 


UZ 


Uzbekistan 


CF 


Central African Republic 


JP 




NE 


Niger 


VN 


Viet Nam 


CG 




KE 




NL 


Netherlands 


YU 


Yugoslavia 




SwitLrland 


KG 




NO 




zw 


Zimbabwe 




Cote d'lvoire 


KP 


Democratic People's 


NZ 


New Zealand 






CM 


Cameroon 




Republic of Korea 


PL 


Poland 






CN 


China 


KR 


Republic of Korea 


PT 


Portugal 










KZ 


Kazakstan 


RO 


Romania 






cz 


Czech Republic 
Germany 


LC 


Saint Lucia 
Liechtenstein 


RU 
SD 


Russian Federation 






DK 


Denmark 


LK 




SE 








EE 




LR 




SG 


Singapore 







WO 99/04304 



PCT/US98/14177 



10 TURN ANTICIPATION CUE FOR DIRECTING 

VEHICLE GROUND OPERATIONS 

Technical Field 

15 The present invention relates to the visual display of guidance cues for 

observation by vehicle operators and, in particular, to the production and display of 
a turn anticipation cue for alerting a vehicle operator that the vehicle he or she is 
operating is approaching a turn from a current path of travel. 
Background of the Invention 

20 Head-up display (HUD) systems are currently used in aircraft to provide 

pilots with essential information superimposed onto their forward field of view 
through the aircraft windshield. The information displayed is typically data or 
symbolic images indicative of flight conditions, such as the operating condition of 
the aircraft, environmental information, or guidance information. HUD systems are 

25 also being designed for use in automobiles and other vehicles. 

In one type of aircraft HUD system, a light source emits a colored image 
carried by multiple wavelengths of light in response to signals generated by an 
image signal controller. The light rays carrying the colored image propagate 
through a monochromatic relay lens to create an aberrated intermediate image. The 

30 intermediate image has aberrations because the monochromatic design of the relay 
lens introduces longitudinal color aberrations into the different wavelengths of light 
passing through it. A wavelength selective combiner reflects the aberrated 
intermediate image toward a pilot, who views the image as it is superimposed on an 
outside world scene in the same field of view. The combiner is constructed to have 
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multiple optical powers that correct for the aberrations introduced by the 
monochromatic relay lens and thereby presents to the pilot a correctly focused 
multi-colored final virtual image at or near optical infinity. The design details of a 
multi-color HUD system are described in U.S. Patent No. 5,710,668, which is 

5 assigned to the assignee of this patent application. 

Guidance information displayed on a HUD combiner for observation by a 
pilot frequently includes symbology that represents position and attitude guidance 
for the aircraft during flight. One example is a flare anticipation cue implemented 
in a Flight Dynamics Head-Up Guidance System that is certified by the Federal 

10 Aviation Administration for use on Boeing 737-300 aircraft. The flare anticipation 
cue alerts the pilot several seconds before the aircraft reaches a flare initiation 
height and indicates to the pilot the pitch up rate required at the initial part of the 
flare. 

What is needed is guidance information that can be displayed to a pilot 
15 during low visibility ground weather conditions after the aircraft has touched down 
so that the pilot can safely taxi the aircraft to the airport terminal. 
Summary of the Invention 

An object of the invention is, therefore, to provide for use in low visibility 
weather conditions guidance to a pilot during aircraft taxi operations to and from an 
20 airport terminal. 

An advantage of the invention is that it is implemented with the use of 
symbolic images displayed on a HUD system combiner. 

The present invention is described by way of example with reference to 
aircraft head-up display systems and solves the problem of guiding an aircraft as it 
25 taxis to and from an airport terminal in low visibility weather conditions. The 

present invention is the production and use of a turn anticipation cue that, together 
with a turn direction arrow, is displayed as a symbol on a HUD system combiner as 
part of aircraft roll-out on an active runway and taxi operations to and from an 
airport terminal. The turn anticipation cue alerts the pilot that a turn from the 
30 current path of the aircraft is approaching within a predetermined time (e.g. , 

approximately six seconds) or distance. Display of the turn anticipation cue informs 
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the pilot of an impending turn before the aircraft reaches the actual point on the 
runway or taxiway where the turn should be initiated. The timing of the moment to 
initiate a desired turn is evident to the pilot by movement of the turn anticipation 
cue toward a ground reference symbol displayed on the combiner, which symbol is 

5 a representation of the current aircraft location and heading. An indication of the 
magnitude of the impending commanded turn rate is also evident to the pilot by the 
rate of movement of the turn anticipation cue on the combiner. The direction of the 
turn is indicated by the direction of motion of the turn anticipation cue and by an 
arrow pointing in the direction of the turn. 

10 Additional objects and advantages of the present invention will be apparent 

from the detailed description of a preferred embodiment which proceeds with 
reference to the accompanying drawings. 
Brief Description of the Drawings 

Fig. 1 is a diagram of an aircraft head -up display system that includes an 
15 optical combiner on which the turn anticipation cue of the present invention is 
displayed. 

Fig. 2 is plan view of the display system of Fig. 1 with the relay lens shown 
in schematic diagram form and the combiner shown in enlarged detail. 

Fig. 3 is a diagrammatic illustration of a head-up display combiner showing 
20 exemplary aircraft guidance symbology including one position of a turn anticipation 
cue of the present invention. 

Detailed Description of a Preferred Embodiment 

Figs. 1 and 2 show a multi-color optical head-up display ("HUD") system 
10 in which the present invention is preferably implemented and which is preferably 

25 installed in an aircraft. System 10 includes an image source 12 that produces a 
multi-colored image carried by light rays 14 that propagate through a 
monochromatic relay lens 16 to create an intermediate image 18. Image 18 is 
carried by light rays 14 that are reflected by a collimating combiner 20 to create a 
final image 22 (Fig. 1) that is viewed at the pilot's eye reference point 23. 

30 Combiner 20 superimposes final virtual image 22 at or near optical infinity on an 
outside world scene (not shown) that the pilot sees through a windshield 24. 
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Image source 12 is preferably a cathode-ray tube that emits a multi-colored 
image that includes a green component 26 carried by multiple wavelengths of light 
in the range of about 540-560 nanometers (nm) and a red component 28 carried by 
multiple wavelengths of lights in the range of about 610-640 nm. (In other 

5 embodiments not shown, multi-colored image 14 could include a third, e.g. , blue, 
component carried by multiple wavelengths of light in the range of about 470-500 
nm.) Other colors of light may also be used. Image source 12 emits the color 
components of multi-colored image 14 in a conventional field sequential manner so 
that the color components are laterally color corrected as they propagate generally 

10 along a light path 32 (indicated by dash lines) toward relay lens 16. 

Relay lens 16 transfers the image produced by image source 12 to combiner 
20. Relay lens 16 preferably is a conventional monochromatic lens array 
configured to transfer a single color of light having a range of wavelengths centered 
at about 544 nm (/. e. , green light) that is typically produced by a cathode-ray tube 

15 constructed with a P43 phosphor. 

Monochromatic lens 16 includes between five and twelve, and typically nine, 
optical lens elements that cooperate to form a focused, single-color intermediate 
image. Lens elements 34, 36, 38, 40, 42, 44, 46, 48, and 50 each have specially 
configured curved surfaces and thicknesses that cooperate to bend the single-colored 

20 light as it propagates through relay lens 16. The radii of the curved surfaces and 
the thicknesses of the lens elements can be determined by a person sufficiently 
skilled to use a commercially available ray trace program such as the Code V or 
Super Oslo software analysis and design program. The multiple colors of light 
carried by green light rays 26 and red light rays 28 emitted by light source 12 

25 propagate through monochromatic relay lens 16 and are bent along different light 

paths so that intermediate image 18 can be described as being unfocused and having 
longitudinal color aberrations. 

Intermediate image 18 is reflected and refracted by collimating combiner 20 
to create final virtual image 22 (Fig. 1) that has an image point approximately at 

30 infinity for each wavelength of light that the pilot views from eye reference point 
23. To correct the longitudinal color aberrations of intermediate image 18, 
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combiner 20 includes multiple substrates 80 and 88 and multiple wavelength 
selective reflective coatings 96 and 98, as described in U.S. Patent No. 5,710,668. 

Fig. 3 shows combiner 20 displaying exemplary aircraft guidance symbology 
including one position of a turn anticipation cue 100, which is shown in the form of 

5 a " + " sign, as the aircraft approaches a runway exit. With reference to Fig. 3, an 
airport runway scene 102 includes a runway 104 defined by side boundary lines 106 
and 108 converging toward optical infinity at a horizon line 110 with vertical 
compass location markers 112. A high-speed exit or taxiway 120 defined by side 
boundary lines 122 and 124 and converging toward the upper portion of the left- 

10 hand side of combiner 20 is accessible by a left turn off of runway 104. Edge 

cones 126 mark the locations of the side boundaries of runway 104, and edge cones 
128 with top-mounted flags mark the locations of the side boundaries of taxiway 
120. Turn edge cones 130 delineate the edge of the path of travel the aircraft is to 
follow when making the left turn onto taxiway 120. An inverted triangle 132 

15 located at the point of convergence of side boundary lines 106 and 108 of runway 
104 and horizon line 110 represents an aircraft heading index, the value of which is 
indicated by the digital readout "H 158." A triangle 134 with a vertical line 136 
extending down from the middle of the bottom side represents the selected course 
"dialed in" by the pilot. A vertical line 138 represents lateral deviation from the 

20 runway centerline. The reference location for lateral deviations is vertical line 136. 
The " > " symbol represents aircraft acceleration or deceleration as the " > " symbol 
moves vertically relative to the ground reference symbol defined below. The 
alphanumeric characters "GS 60" represent an aircraft ground speed of 60 knots. 
As the aircraft approaches taxiway 120, the pilot sees on combiner 20 the 

25 relative position of a ground guidance cue 140 to a ground reference symbol 142. 
Ground guidance cue 140 represents a command of an incremental change, if any, 
in the current turn rate of the aircraft, and ground reference symbol 142 represents 
the current location and direction of the aircraft. Ground reference symbol 142 is 
approximately stationary relative to combiner 20. 

30 The location of ground reference symbol 142 is, for all practical purposes, 

fixed near the bottom of the display and centered left to right. The position of 
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ground guidance cue 140 is governed by the current value of the calculated error in 
turn rate, as defined by the control law equations used in an onboard computer for 
ground guidance and, as stated above, is positioned relative to ground reference 
symbol 142. The lateral distance from ground reference symbol 142 to ground 

5 guidance cue 140, as displayed on combiner 20, is a turn rate command the pilot 
uses in maneuvering the aircraft on the ground. 

The position of turn anticipation cue 100 on combiner 20 is dependent on a 
computed time-to-go to a turn initiation point and on a computed turn rate required 
to negotiate the impending turn. (The time-to-go equals the distance-to-go to reach 

10 the turn initiation point divided by the aircraft ground speed.) The time-to-go to the 
turn initiation point is determined by means of sensors on the aircraft that acquire 
position and speed information provided by a Global Positioning System (GPS) or a 
Differential Global Positioning System (DGPS), and a data base providing 
information defining the locations of runways, taxiways, and transition paths and the 

15 distances from one to another at the airport being used. The initial position of turn 
anticipation cue 100 on combiner 20 is determined by scaling a computed value of 
the turn rate required for the aircraft to follow a desired path on the ground during 
the impending turn. This computed value of turn rate is dependent on the ground 
speed of the aircraft and the radius of the turn to be executed and equals the aircraft 

20 ground speed divided by the turn radius. 

Turn anticipation cue 100 is first displayed on combiner 20 when the 
computed time-to-go for arrival at the turn initiation point is approximately six 
seconds. When it first appears on combiner 20, turn anticipation cue 100 remains 
in approximately a fixed position and is flashed at a rate of about two flashes per 

25 second for a duration of about three seconds. Flashing turn anticipation cue 100 
alerts the pilot that an impending turn is fewer than about six seconds away. 
Thereafter, turn anticipation cue 100 is displayed without flashing as it moves at an 
approximately steady rate toward ground reference symbol 142. Turn anticipation 
cue 100 intercepts ground reference symbol 142 when the aircraft reaches the turn 

30 initiation point. 
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Turn anticipation cue 100 gives the pilot an indication of the rate of 
movement of ground guidance cue 140 to be expected just after the turn initiation 
point is reached. Turn anticipation cue 100 first appears in a location that is away 
from the center of the display in a direction that is opposite to the direction of the 

5 impending turn. Turn anticipation cue 100 moves in the direction of the impending 
turn at an approximately uniform rate as it progresses toward the ground reference 
symbol 142, which is approximately horizontal motion in the center of the display. 
The rate of motion of turn anticipation cue 100 is computed to cause it to intercept 
ground reference symbol 142 at the time the aircraft reaches the turn initiation 

10 point. This is designed to be about three seconds from the time it starts moving 
toward ground reference symbol 142. The rate of motion is, therefore, greater if 
the initial position is farther from ground reference symbol 142 because the time to 
reach ground reference symbol 142 is the same, irrespective of the aircraft speed or 
turn characteristics. 

15 For runway scene 102 of Fig. 3, a left turn onto taxiway 120 is impending, 

turn anticipation cue 100 first appears to the right of ground reference symbol 142 
and remains in its initial location while flashing for about three seconds. Turn 
anticipation cue 100 then moves to the left to intercept ground reference symbol 142 
at the instant the turn should be initiated. This takes about an additional three 

20 seconds. Turn anticipation cue 100 is preferably blanked from display on combiner 
20 when turn anticipation cue 100 reaches the turn initiation point. A turn direction 
arrow 144 also appears on the HUD at the same time as turn anticipation cue 100 
appears. Turn direction arrow 144 is located on the same side of combiner 20 as 
the initial position of turn anticipation cue 100, and points in the direction of the 

25 impending turn. Thus, initially, the display of turn anticipation cue 100 and arrow 
144 indicating the direction of the impending turn are generally close to each other. 
This facilitates the pilot's recognition and situational awareness of the turn 
maneuver about to be executed. 

To implement turn anticipation cue 100 for display on combiner 20, the 

30 aircraft onboard computer determines distance-to-go to the next turn. This 

determination is dependent on information provided by two processing systems. 



WO 99/04304 



8 



PCT/US98/14177 



The first is the DGPS, which determines aircraft position expressed in latitude and 
longitude, and the second is an airport data base residing in the aircraft onboard 
computer, which includes a precise latitude and longitude mapping of all taxiway 
and runway edges and centerlines and permanent structures at the airport. 

5 The DGPS is used to reduce errors in position and velocity that arise from 

using the current basic GPS signals. A DGPS installation typically uses a nearby 
ground station to supplement a basic GPS system in the following way. The ground 
station knows its own latitude and longitude very precisely, but it continually 
computes its location by processing the GPS signals it receives. At any given time, 

10 the difference between its known location and the location it determines from the 
GPS signals is the current error in the GPS solution for position. The ground 
station continually transmits by radio this current error to users of the DGPS 
system, to allow each of them to correct the calculation of the user's own position. 
This results in every user having a very accurate estimate of its own position. 

15 Knowing the current aircraft position and the location of the start of the next 

turn allows the onboard computer system to compute the distance-to-go to the next 
turn. The onboard computer system includes storage sites to store its current taxi 
clearance in the computer system to allow the system to display the taxi path the 
aircraft is "cleared" to follow. 

20 It will be obvious to those having skill in the art that many changes may be 

made to the details of the above-described embodiment without departing from the 
underlying principles thereof. For example, although the use of a multi-color 
head-up display system offers the possibility of making turn anticipation cue 100 
more prominent, the present invention can be implemented on a standard HUD 

25 system of monochromatic design or a head-down display. Moreover, the present 
invention need not be implemented on a wide field of view HUD but can be 
implemented on a narrow field of view HUD, which has a planar combiner. The 
scope of the invention should, therefore, be determined only by the following 
claims. 
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Claims 



1 . In a vehicle optical display system that produces images for 
observation by a vehicle operator, the display system including an image source 

5 providing an image carried by light propagating along an optical path and an optical 
display surface positioned so as to provide an image for observation by the vehicle 
operator, a method of providing for display on the display surface an image 
representing a turn anticipation cue that alerts the vehicle operator to an approaching 
turn from a current path of travel of the vehicle as it moves, comprising: 

10 displaying on the display surface a ground reference symbol that represents a 

current location and heading of the vehicle and a ground guidance cue that 
represents a command of an incremental change, if any, in a current turn rate of the 
vehicle; and 

displaying on the display surface a turn anticipation cue that provides to the 
15 vehicle operator an indicator that a turn from current path of travel is approaching 
as the vehicle moves, the turn anticipation cue moving toward the ground reference 
symbol to indicate to the vehicle operator the timing of a moment when an 
impending turn is to be initiated. 

2. The method of claim 1 in which the turn anticipation cue moves 

20 toward the ground reference symbol in a direction which is the same as that of the 
impending turn. 

3. The method of claim 1, further comprising displaying on the display 
surface an arrow pointing in a direction which indicates that of the impending turn. 

4. The method of claim 1 in which the ground guidance cue has a 

25 current position on the display surface that corresponds to a calculated vehicle turn 
rate error value and the ground reference symbol has an approximately stationary 
position on the display surface so as to present on the display surface information 
relating to the relative positions of the ground guidance cue and ground reference 
symbol. 
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5. The method of claim 1 in which an initial location of the turn 
anticipation cue on the display surface is determined by scaling a computed turn rate 
required for the vehicle to follow a desired path of travel during the impending turn. 

6. The method of claim 1 in which the turn anticipation cue has on the 
display surface a current position that is a function of a computed time to reach a 
turn initiation point of the impending turn and of a computed vehicle turn rate 
required to achieve the impending turn. 

7. The method of claim 6 in which the mm anticipation cue is blanked 
from display on the display surface when the mm anticipation cue reaches the mm 
initiation point. 

8. The method of claim 1 in which the vehicle is an aircraft. 

9. The method of claim 1 in which the optical display system produces 
images for observation in combination with the vehicle operator's exterior view of 
an outside world scene, and in which the optical display surface comprises an 
optical combiner so that the vehicle operator can see the exterior view through it 
and so that at least some of the light reflects off of the combiner to provide the 
image for observation by the vehicle operator. 
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